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I, INTRODUCTION

Recent theoretical kinetic studies on v + R energy-transfer processes
in the HF and DF systems required rotation-vibration energy terms and band
centers for both HF and DF, Previous spectroscopic tables calculated in
this laboratory terminated at J = 30, and an incomplete set of Dunham coeffi-
cients1 was used for DF, which was obtained from the work of Talley, Kaylor,
and Nielsen? published in 1950. Their work was done on the v = R bands of
DF when the technique of measurements was in a somewhat uncertain state. 3
A more complete set of Dunhain coefficients was calculated by Mann et a.1.4
for HF in 1961 from a rotation-vibration analysis carried out on measured
hydrogen-fluoride vibration-rotation emission spectrum obtained from a

hydrogen-fluoride diffusion flame,.

A complete set of Dunham coefficients for HF that were slightly dif-
ferent from those of Mann et al, 4 were calculated by Webb and Ra05 in 1968
from their measurements of the high J rotational structure of the { = 0 and
2 - 0 bands of heated HF, Since the Dunham coefficients provided by Webb
and RaLo5 did not agree very well with all of the P- and R-branch line posi-
tions of HF provided by Mann et al, ,4 we decided that the Dunham coefficients
provided by Mann et a.l.4 were better since they are in excellent agreement with
all available measurements, including those of Webb and Rao. 5 The Dunham

coefficients for DF were calculated from those of HF provided by Mann et a.l.4

17, L. Dunham, hys. Rev. 41, 721 (1932).

2R. M, Talley, H, M, Kaylor, and A, H, Neilsen, Phys, Rev, 77, 529
(1950).

3R, N. Spanbauer and K, Narahari Rao, J, Molecular Spectroscopy, 16,
130 (1965).

4D. E. Mann, R, A, Thrush, D. R, Like, Jr., J. J. Ball, and N. Acquista,

J. Chem, Phys, 34, 420 (1961),

SD, U, Webb and K, Narahari Rao, J, Molecular Spectroscopy, 28, 121
(1968),
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by means of isotope relationships, 1 For HF, the rotational lines were
calculated for both the P- and R-branches in 45 (v =» v - Av) bands with

v =Av tov =9, and, for DF, the rotational lines were calculated for both the
P- and R-branches in 78 (v = v - Av) bands with v = Av to v = 12, Rotational
constants, band centers, vibrational energy terms, and rotation-vibration
energy terms were calculated for HF and DF,
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II, METHOD OF COMPUTATION

The rotational constants Bv’ Dv’ and HV and the vibrational energy

terms G(v) are expressed as power series ia (v + 1/2). In the notation of

Dunham,
¥
b k=4
: _ 2+k !
Bv- Z P Yki(v+-2--)k ) (1)
_ k=0
;
% k=2
4tk [, 1)k
£ D = p Y, Llv+ -—) (2)
. A § kZ( 2
|
: k=1
; 6+k 11k
. H = po Y (v + -—) (3)
; v k=0 k3 2
: and
k=5 /
1\k
G(v) = 3, oy v+ 5) (4)
k=1

where ij are the Dunham coefficients and p = p/pi (where p is the reduced
mass of the ordinary diatomic molecule and p.l is the reduced mass of its
isotopic molecule), Withp = 1 and 0, 72494822, and with the use of Dunhem
coefficients for HF (Table 1), the rotational constants Bv’ Dv’ and Hv and
the vibrational energy terms G(v) tabulated in Tables 2 and 3 for HF and DF,
respectively, were calculated, The rctation-vibration energy terms are

expressed as a double expansion in J(J + 1) and (v + 1/2)

j:4 =5
EV’J = ;>-:1 ) ij

11; (v + -12-)1‘ [J(T + 1)]j

[
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The rotation-vibration energy terms were calculated for HF forv=0tov =9

with J = 0 through J = 50, and for DF for v = 0 to v = 12 with J = 0 through -
J = 50 by means of the Dunham coefficients given in Table 1, The rotation-

vib: ation energy terms of HF and DF are listed in Tables 4 and 5, respec-

tively. The positions of the band centers or the v' to v lines of a diatomic

molecule are given by

w (v',v) = G(v') - G{v) (6)

The 45 band centers for HF are listed in Table 6, and the 78 band centers
for DF are listed in Table 7, The positions of the (v',J') to (v, J) lines of

a diatomic molecule are given by

wc(v, J,m) = G(v') - G(v) + E{(v',J + m) - (v, T} (7)

where m = -1 for the P-branch and +1 for the R-branch, P-branch and -
R-branch line positions were calculated and are tabulated in Tables 8 and 9

for HF, and in Tables 10 and 11 for DF,

In Tables 12 through 16, the calculated line positions for HF and DF
are compared with available experimental data, 4-1 The P-branch and
R-branch line position values are in excellent agreement with HF and DF

wavelength measurements,

6T. F. Deutsch, Appl. Phys, Lett,, 10, 234 (1967),

7D. J. Spencer, G. C. Denault, and H. H. Takimoto, Atmospheric Gas
Absorption DF Laser Wavelengths, TR-0074(4240-10)-7, The Aerospace
Corporation (January 1974).

-12 - _
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Table 1, Dunham Coefficients®
. s Approximate b \
Coefficient Identification HF DF
Y, w, 4138, 73 3000. 36
Y, o %, -90, 05 -47.33
a4 Wy, 0.932 0.355
.2 -2
Yy w z, -1.42% 10 -0.392X 10
Y _5.9% 10”4 -1.181x 10°4
50
Y., B, 20.9555 11,0132
Y, - -0.7958 -0.3032
e
. -2
Yo Yo i.182X 10 0.326X 10
Y, 23,11 % 1074 -0.623% 1074
Y, 5.8% 107° -0.842% 10~
- -3
Yo, -D, -2.153 X 10 -0.5947 % 10
.5 -5
Y, B, 6.23 X 10 1.25% 10
Y,, 22.06% 1070 0,299 x 1070
Y H {.68% 10~ " 0.244% 10™"
03 e
Y, -6.5% 107) 0. 684% 10”7
. -1 -1
Yo, -1.9% 10 -0.145 X% 19

%1n units of cm-i.

b

D. E. Mann, B, A, Thrush, D, R, Lide, Jr,, J.
N, Acquista, J, Chem, Phys, 34, 420 (1961).

13-
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; Table 2, Molecular Constants of the HF Molecule
a v B, — DVX 103, cm"1 HVX 107, cm-1 G(v), cm"1
E 0 20,561 2, 122 1. 648 2046. 968
1 19,787 2. 064 1,583 6008, 552
! ? 2 19.035 2,010 1,518 9797, 963
1 3 18,301 1,960 1,453 13419, 961
i 4 17.583 1.914 1.388 16878. 789
3 ; 5 16,879 1,873 1,323 20178, 101
£ 6 16.186 1,835 1,258 23320, 889
;‘ | 7 15,502 1.802 1,193 26309, 419
1. 8 14,824 1,772 1,128 29145, 153
9 14,148 1,747 1,063 31828, 683
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Tabic 3. Molecular Constants of the DF Molecule

“ 3 v B, cm"1 DV X 104, cm'1 HV X 108, em™ 1 G(v), cm"1
_;;' 0 10.862 5 885 2,405 1488, 395
1 {10,566 5,766 2.336 4395, 242
2 10,274 5. 654 2,268 7210, 510
3 9. 989 5. 547 2.199 9936, 110
3;‘§ 4 9.709 5, 446 2.131 12573, 827
B 5 9.433 5,351 2,063 15125, 297
3 6 9. 162 5. 262 1,994 17592, 003
,%f - 7 8. 894 5,179 1.926 19975, 252
Ef 8 8. 629 5,102 1,857 22276, 169
9 8. 367 5,031 1,789 24495, 674
10 8. 107 4,967 1,720 26634, 475
1 7. 849 4,908 {652 28693, 050
12 7.591 4,855 1,584 30671, 636

;’ -15-
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Rotation-Vibration Energy of HF Molecule
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Rotation-Vibration Energy of DF lJ4olecule
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Rotation-Vibration Energy of DF Molecule (Continued)
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Rotation-Vibration Energy of DF Molecule (Continued)
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Line Positions for HF, P-Branch, Av
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Line Positions for HF, P-Branch, Av = 1 Sequence (Continued)

Table 8a.
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Table 9a.
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Line Positions of HF, R-Branch, Av
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1 Sequence (Continued)

Line Positions of DF, R-Branch, Av
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1 Sequence (Continued)

Line Positions of DF, R-Branch, Av
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T2’ le 11b.

2

NU(Vsds+l) » 1/7CM » R-BRANCH » DELTA NU =

CF

Je

FOMOMNFESOMMN
V=P R O™ e O O 4
(EEAEEEE XN
OV PO et o O ot
TP EWO vl F 0N
0O TN O D Ol
WBNINMOWNN S &

O O OO NN . NO O
MO NN OM DN DM
® 0000000000
= N Owed o O N
NG DOt P O VY Py
DTN O P O N
[alal Tl L & 4 20 g 2 4

NN 0 OO ot LD et
€0 0F 0 AN QO N e UGN
LA BN X BE B BY BN BN N
80 OO NGO PeOr M 60 NN
NSO A O NV O
DO AUOON U & Nt
DONINN S F T

N DRP O mi= N
4P QO WO O A= D
o0 esenq o
NI e OO O Mt
O i MUNG0 rdof 0 = N0
~OTNOO N INSNO
BNV T & P

0 O NO* vt YO = O =t D
=100 OO & I 0N
o 0 00000 9 o
O DO ONPM M =0
OO HITOONOLOTN
T NO S IN T NO
[T AT TR JX JUE X

NINOOC vt F O NI D
QOO VDO
s 000000000
NO =M E~N0 O
0= OO D=1 00 OO
DT NO O INMND
[alalalaUal £ SU 28 8 28 4

W OO TN g
VOO =N OMm
6 0 00000 0N
NONOO NP & N
O L OM OO MNP i
M EVMNO O DM NO
CaT'ATAUATTSE SUL & & g€ 4

OHNMNINONDTO
ol

L
o>

13

12

11

(=]
[

Je

VP00 O et U0 OV VP
& OO O 00 0 M A O
eoe 00000000
FeOVOVONMMN O
QO e O P08 N VD iy
WO PN O O O ot
[aTa¥alal Tl o2 2 2 4

OO OO ONMO KO
NOANIND O PO INO
[N I N
MO DN =it DO
O QN OO NN =iy
WO P Demd O 8O O Nt
VMO AN o -

T 0PI O O O O
O D NN N0 O
es e tev0ee v
PO NDOMDO DO
00 O vt MO 0O v (D ol
WPV O 0 O M=t
[T TATLT T 0 gr £ 284

O R OPF0 DN MP PO
P=INO OO0 OM VO
o0 0000000 00
OFTNNONNIOOF
00 Ot (N G0 et NI PN v o
O DI\ O O 00 D M=t
VMDINONE '

OO W N OO O
OO FO DD
s s v o0 0
ANOTFNON ORI
~OONINNO MM O
®© ONMei OO O Nt
(AUl Talal O &0 0 L & o

00 M ODVO N NK OO
NOORNON O N
o9 90 ¢ 90 o * g
AP NG O iy O 0
O it DO MO O M
W DT NtO N O Nt
DN ININT o & F &

O N VNN NN O O
NN C—OTOO N
AR RN X
OO Mot et e (IO
NWOOMOTANO N
W OF NG = OF Ned
DO T T &

OHANMENOND OO
-

L]
>

-79-

20

19

18

17

16

15

14

Jds=

OV VDO OO
) ¢4 (VD NN P OV
(U R I Y Y
O NN P it F NN
O OriiNDO MO0 N
€O PN TN = ON A0 WD- - O\t
(AT INTE S Lt £ 4

NBOD MOS0
Nt OO N NN OO
o600 060000
VPNt N O OO O
P ONE QO ET-OMm
© PN O IO O N
Lol T E 0 L 2F 2 2 g

O ONO TON+OQOO
CRrINMENOMOIN
®e0 0000000
WO OO P40 DO O
O HONT OO 4 hOM
0 PN O 00 O el
LAl ol & L g L g

NENO O OomnmD
€0 reded +=400 O NIOJed 1)
S0 00800000
0K OF~+OO~N
OriNE PO NN
O PN PO O O Mot
LAl Ta 10 g 25 g &

NN ODO N ®
MO0V OIMNN
sese 0o
NEOPNOF NSO
Ot =0 NN =t
O NN e 0 00 O N d
VDN IS &

NONO MNO OO
O OO NV i »4@ O
* ¢ s 000000
NI OO NN LUV D
O s NP0 NN
O M@ =0 O O Mt
Lalat' Ul 20 O b 4 2 L 4

T OO =N O N
MOF =0 Nedl-0 OO
* P00 000000
OMO P rti-NE O
© st NI O NN O ity
O VM 0 000 & Mot
Lalalatal Al £ g & & 2 4

O riNMN OO
[

|4
>

e 3 g nlpiye

M N

A Ve




<
3

et

RSN Y

7y Ee P SRR ER SRS

-y, v

P

Line Positions of DF, R-Branch, Av = 2 Sequence (Continued)
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Comparison of Observed and Calculated

Line Positions of HF, Av = { Sequence

a

A(obs, ~calc.) R(J) b

Afobs, -calc.

1 - 0 band

+.06
+.10
+.02
+.08
-.04
.03
+.04
-, 05
-. 08
.02

.05

(b,- 3961, 60 cm™?) obs.
(v, 3961.58 cm™ ') calc.

42390, 85
4256.32
4279,91
4301.55
4321, 28
4339, 15
4354, 66
4368, 12
4379. 67
4389. 01
4396,12
4401, 21
4404, 10
4404, 87
4403, 45
4399, 89
4394, 20
4386.37
4376, 28
4363,78
4349,57

-. 02
-. 10
-. 14
-. 16
-.10
-.12
+,03
-, 05
+.06
+.07
-. 02
-, 01
0.CC
-. 04
.07
.14
.27
.46
. 60
.52
.95

Table 12a.
] P(1) °
5 3741, 66
6 3693, 64
7 3644, 24
8 3593.89
% 9 3542, 21
3 10 3489, 67
1 3436, 08
A 12 3381, 45
. 13 3326, 00
14 3269, 85
15 3212,88
) 16
-
fj ? 17
S 18
e 19
S 20
ﬁe ; ¢l
A 22
23
: 24
’ 25
26
27
;
¥
¥

s

R
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Table 12a. Comparison of Observed and Calculated
Line Positions of HF, Av = 1 Sequence®
{Continued)
] P ® 4 lobs, ~calc. ) R(J) ® Alobs, ~calc)
2 ~1 band (y,= 3789, 42 cm™ ) obs.
(uo=3789. 41 cm-l) calc,
0 3827.49 .02
1 3749, 91 .07 3863 97 -.01
2 3708. 88 .06 3898. 90 .01
3 3666, 42 .02 3932, 16 .01
4 3622.58 -.04 3963,70 -. 03
5 3577.52 - 02 3993,55 -.02
6 3531, 20 -, 01 4021, 70 . 06
7 3483,71 - 02 4047. 98 -. 07
8 3435, 10 -. 06 4072, 24 -.08
9 3385, 23 -.07 4094, 85 -.01
10 3334, 18 - 05 4115, 38 11
1 3282, 76 .04 4134, 14 -.03
12 3229, 97 -. 18 4150, 84 -. 04
13 4165, 50 -.09
14 4178, 21 -.07
15 4188, 86 -. 06
16 4197.50 .00
18 4208, 42 .02
19 4210, 68 -.01
20 4210, 81 -.04
21 4209, 05 .18
22 4205, 05 .30
23 4198, 93 .46
24 4190, 41 .38
£,
;
..
S -10C -
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Table {2a. Comparison of Observed and Calculated
Line Positions of HF, Av = 1 Sequence?
(Continued)
3 P ° Alobs, ~calc. ) RW) A(obs, ~calc. )
3+2 band (y, = 3622.02 cm™}) obs,
(v, = 3222,00 cm-l) calc,

0 3658.59 0. 00

1 3583, 95 3693. 64 -. 03

2 3544, 48 3727.25 .06

3 3503, 68 3759, 13 .03

4 3461,54

5 3417, 99 3817. 94 - 01

6 3373.32 3844, 87 .08

7 3327.49 3869, 85 -.03

8 3280. 63 3893.15 -. 01

9 3232,51 3914, 51 .01
10 3934, 26 .05
11 3951, 84 -.01
12 3967. 60 .01
13 3981, 40 .01
14 3993, 23 .03
15 4003, 11 .10
16 4010, 90 .10
17 4016. 63 11
18 4020, 30 .07
21 4019, 00 .23
22 4014, 47 .40

4D.E. Mann et al,, J. Chem. Phys. 34, 420 (1961).

bUnits incm™ T,
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Table 12b. Comparison of Observed and Calculated
Line Positions of HF, Av = 2 Sequence?®

P(J)b A(obs, -calc,)

rR(J)°

A(obs, -czlce,)

[ IR - N S T

LA T T < o SV R S I it et e e e T T
W =~ ;R W= O W ® TN R WY e O O

2 ~0 band

7709.78
7666, N0
7618.57
7568, 66
7515,94
7460, 39
7402, 02
7341, 34
7277, 96
7211,.70
7143, 14
7072.57
6999. 31
6923, 91
6846.57
6766.93
6685, 36
6601, 75
6516, 35
6429, 23
6340, 41
6249, 84
6157,64
6063, 94
5968, 88
5872, 65
5775,10
5676, 05

(v, = 7750.98 cnm—l) obs,

(v, = 7750.99 em™}) calc,

-.10
+.23
~. 14
~. 10
~. 04
~.03
-. 12
+,09
~. 20
~. 06
-, 18

-, 01
+.07
+,04
-.05

- 17
-, 01
+.12
-, 03

7855, 83
7884, 33
7909, 99
7932,01
7950.91
7966, 33
7978, 39
7987.09
7992,58
7994, 55
7992,94
7988, 07
7979, 86
7968.13
7953, 11
7934, 37
7912, 34
7886,49
7857,68
7825,14
7789, 66
7750, 66
7707, 79
7662, 46
7613,10

-.01
-. 14
+.12
+.00
+.05
-, 04
-.15
-.23
-.13
-. 14
-, 29
-. 27
-.13
-.07
+.16
+.12
+.24
-.0l1
+.21
.12
+,51
+, 78
+, 56
+1,25
+1,25
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Tabls 12b. Comparison of Observed and Calculated

ATRORCAPIR A s ¢ o

AR QTP

Line Positions of HF, Av = 2 Sequence?®
(Continued)
3 p(J)° Alobs, -calc, ) RI)®  A(obs, -calc.)
3=1band (v, = 7411,45 cm™!) obs,
(v, = 1411, 41 em™ Yy cale,
0 7448, 01 +.0!
1 7372.07 +.23 7481. 66 +.08 |
2 7329. 42 +.07 7512,10 -.01 x
3 7284, 00 -.01 7539. 56 +.07 ‘
4 7235.95 .13 7563,69 -. 06 ;
5 7185, 01 413 7584, 88 -.05 s
6 7131, 19 -, 05 7602. 94 +.25 :
7 7074. 99 +,04 7617.58 +.27 |
8 7016, 04 -.05 7629.01 +.35
9 6954, 62 -.09 7636. 95 +.23 :
10 6890, 84 -.03 7641, 62 +.17 '
1 6824.52 - 13 7643, 23 +,38
12 6756, 26 - 15 641,06 +.16
13 6685, 8] +.49 7635, 78 +.19
14 6612. 16 -.18 "627 26 +.36
15 6537, 41 -.15 715,13 +.29
16 6460, 41 -.2¢ 7519, 59 +.20
17 6380.92 e 7580, 46 -, 09
18 6299.89 - 12 7558, 27 -, 07
19 6216,79 -0 37 7532,93 +.19
20 6132,37 - 18 7504, 11 +.35
21 6046, 16 -.08 7471, 88 b 47
22 5958, 34 +.03 7436, 12 +.42
23 5868, 88 +.66 7397, 21 4,57
24 5773, 03 +,20 73.5.32 +1,08
25 5685, 59 +.17 7309, 61 +1.10

-103-
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Table 12b. Comparison of Observed and Calculated
Line Positions of HF, Av = 2 Sequence?®
(Continued)
J p()® A(obs, -calc,) R(®  Afobs. -calc.)
4=2band ( v = 7080,85 cm™}) obs.
( ¥, = 7080.83 cm™}) cale.

0 7115.97 -.02
] 7042.61 .16 7148, 12 -.07
2 7001. 90 +,05 7177, 35 -, 06
3 6958, 18 +,05 7203, 60 +.01
4 6911, 54 11 7226, 89 +.18
5 6862, 73 -.23 7246, 99 +.28
6 6810, 56 - 11 7263, 79 .22
7 6756. 26 -, 02 7277, 43 + 17
3 6699, 37 +.0l 7287, 77 4,02
9 6640, 08 £ 7295, 08 +.06
10 6578, 39 +.20 7299. 06 +,02
11 6514, 05 -, 02 7299, 74 -. 06
12 6447, 87 +,20 7297, 33 +.03
13 6379, 05 -, 02 729..53 +.08
14 6308.17 - 15 7282, 38 +.06
15 6235, 41 -.08 7270, 17 +.30
"o 6160, 74 +,09 7254, 34 +.24
17 6083, 99 +.13 7235, 26 +.26
18 6005, 34 +.14 7212, 84 +.27
19 5924, 78 +.06 7187, 27 +.46
20 5842, 83 +.35 7158, 00 +.28
21 5758, 72 .15 7125, 95 +.64
22 5673, 17 +.13 7090, 43 +. 86
23 7051, 31 +.80
24 7009, 4] +1.26

104
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Table 12b. Comparison of Observed and Calculated
. Line Positions of HF, Av = 2 Sequence?
( Continued)

3 p(1)° A(obs. -calc.) R(J)? A(obs, -calc. )

5+ 3 band ( ¥ = 6758,22 cm™ ) obs,

(v, =6758,14 cm'l) calc,

0 6791,95 +.06
1 6721,59 +,04 6822,61 -. 14
2 6682,27 - 11 6850, 86 +.17
3 6640, 19 +,17 6875, 78 +,13
4 6595, 14 -, 05 6897, 65 +,05
5 6547, 94 +.25

6 6497,70 1,06 6932,18 -. 15
7 6445, 24 +.19 6945,12 +.07
8 6389,97 +.00

9 s 6332,51 +,03 6361,22 +,16
10 6272,75 +,12 €964, 38 +.11
11 6210,50 +,02 6964, 38 +,06
12 6145,96 - 13 6961, 22 +.10
! 6079, 74 +,21

14 6011,17 +.32 6945,12 4,13
15 5940,23 +,10 6932, 29 +,25
16 5867, 55 +,14 6915,99 +.18
17 5792, 94 +.17 6856, 70 4,40
18 5716, 45 +.18 6874, 06 +.56
19 6847, 98 +,57
20 6818,48 +,45
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Table 12b. Comparison of Observed and Calculated
Line Positions of HI', Av = 2 Sequencea’
(Continued)
J p(1)° Afobs. -calc,) R(I)® Afobs, -calc.)
64 band ( v = 6442,10 cm” ") obs,
(y,= 6442,10 cm™ l) calc,

0 6774.59 12

1 6406, 89 -.05 6503, 95 -.04

2 6369.07 +.03 6530,76 +.12

3 6328, 33 -.10 6554, 60 +.23

4 628518 +.00 6575, 34 *.19

5 6239, 30 -.02 6592, 99 +.06

6 6190,92 +.00 6607.63 -, 06

7 6139, 78 -.25 6619, 39 +.00
8 6086, 85 -.15 6628, 09 +.09

9 6031,23 +.24 6633, 68 +.18
10 5972, 91 ~.04 6635, 39 +.22
11 5912, 82 +.17 6636.09 +.32
12 5850, 44 +.30 6631, 32 +,22
13 5785, 79 +.32 6624, 07 - 14
14 5718, 85 +.13 6613, 76 +.20
15 6600, 23 +.38
16 6583, 66 +.55
17 6563, 77 +.74
18 6540, 51 +.82

.D. E. Mann et al,, J, Chem, Phys, 34, 420 (1961),

Units in cm’ ! .
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Table 12c. Comparison of OLsr rved and Calculated
Line Positions of 'F, Av = 3 Sequence?

alobs, -calc, )

R(J)b

A(obs, -calc, )

J pu) ®
0
J 11331,81
2 11286, 18
3 11236, 24
, 4 11181, 94
! 5 11123, 27
6 11060, 44
7 10993.36
3 8 10992, 30
: 9 10847, 18
. 10 10768. 09
; 1
12 10598, 45
13 10508, 10
14 10414, 07
15 10316.59
16 10215, 63
17 10111, 34
18 10003, 69
19 9892, 97

3+0 band fy, = 11372, 92 cm”}) obs,
(v, = 11372,99 cm™ ) cale.

-, 07
-. 12
- 07
.02
-, 05
-.01
-.06
.00
-.01
-. 01

-, 02
.03
. 01
.06
.06
.08
-. 01
.00

11409.51
11441,59
11468.'95
11491,73
11509,79
11523,19
11531, 82
11535, 66
11534, 82
11529, 10
11518, 63
11503, 36
11483, 29
11458.39
11428, 66
11394. 16
11354, 95
11310. 95
11262.18
11208, 82
11150, 65
11087, 88

-. 08
-, 02
-. 08
-. 08
-. 10
-.08
-.09
-.12
.06
-. 08
-. 05
-.01
.03
-. 05
.04
.05
.11
.15
.15
.27
. 27
.33
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Table 12c. Comparison of Observed and Calculated

Line Positions of HF, &v = 3 Sequence?
{Continued)
4
L 3 P ® 4 (obs. =calc. ) R(J) ® A (obs, ~calc. )
PN J
, 4-1 band (00:10870.37 cm-l) obs,
1 (v,-10870, 24 cm™ ) calc.
' g 0 10905, 50 .10
} 1 10830, 82 .15
1 2 10786, 88 .13 10962, 44 .13
E 3 10738, 63 .11 10984, 11 .13
K 4 10686, 14 .10 11001, 21 .13
} 5 10629, 48 L1 11013,71 .13
6 10568, 68 11 11021,58 11
7 10503, 82 11 11024, 8} .11
8 10434, 92 .06 11023,35 A
9 10362, 17 .08 11017, 23 .09
y 10 10285,57 .10 11006, 40 .08
11 10205, 17 .10 10990, 91 .11
§ ; 12 10121, 08 .10 10970, 69 .11
3 % 13 10033, 33 .06 10945,75 .10
1 : 14 9942, 03 .01 10916. 18 .16
AN
£} :

~-108-
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Table 12c. Comparison of Observed and Calculated
Line Positions of HF, Av = 3 Sequence?

(Continued)
»
J P b 4 (obs, -cale, ) R(J) b A (obs-calc,)
52 band ( ¥, = 1038029 cm™ ) obs,
(vg =10380,14 cm’ 'y cale.
0 10414, 07 .18
1Y 10342,17 .09 10443, 43 .15
2 10299.94 .19 10468, 45 W17
3 10253, 41 .19 10488, 98 .14
4 10202, 68 .16 10505, 17 .23
5 10147, 91 .18 10516, 68 .15
6 10089, 07 17 10523, 74 .15
7 10026, 20 .10 10526, 25 .15
. 8 9959, 45 .07 10524, 20 .16
9 10517.55 .15
10 10506, 31 .16
. 11 10490, 46 17
12 10470, 02 .21
13 10444, 90 .19
14 10415, 24 .24
15 10380, 98 .32
16 10342,17 .45
17 10298, 69 .51
18 10250, 65 .60
19 10198, 07 L7l
20 10140, 82 .75
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Table 12c.

Comparison of Gbserved and Calculated
Line Positions of HF, Av = 3 Sequence?
(Continued)

~

A(obs, -calc,)

R(J) P

6 -3 band (calc ¥,=9900,93 cm™ ")

W ~ O~ ;oW N -

—
o DO

—
o -

—
w

1

9961.49
9985, 21
10004, 62
10019, 75
10030,35
10036,57
10038, 31
10035,54
10028, 28
10016.49
10000,19
9979.33
9953.95

®D. E. Mann et al., J. Chem. Phys. 34, 420 (1961).

bIn units cm”~ { .

A(obs, ~calc, )
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T ble 12d. Comparison of Observed and Calculated
Line Positions of HF, Av = 4 Sequence®

7 PP 7 4 (obs.-cale.) R(I) ® A (obs, -calc. )

40 band ( , =14831,75 cm'l) obs,
(4, =14831.82 cm™ ) cale,

0 14866,92 -.06
1 14790, 63 -.08 14896, 08 -, 06
2 14743, 60 -.09 14919,19 -.07
3 14690,77 -. 06 14936, 22 -.03
4 14632.12 -.06 14947, 14 -.09
5 14567,75 -. 06 14951,94 -.09
6 14497,.72 -.06 14950, 62 -.06
7 14422,12 -. 06 14943,11 -. 06
8 14341.00 -.08 14929, 42 -.05
' 9 14254, 50 -.05 1499, 57 -.03
10 14162, 65 -.05 14883, 54 -.01
11 14065, 56 -.03 14851,33 .01
12 13963,28 -.05 14812,96 .03
13 13856.00 -.02 14768, 41 .01
14 13743,74 .00 14717.73 -.01
15 13626.61 .02 14661, 06 .09
16 13504, 71 -.02 14598, 29 .15
17 13378,16 . 04 14529, 47 .21
18 13247, 08 .08 14454, 60 .23
19 13111,48 .05 14373. 87 .35
20 14287, 25 .50
21 14194, 67 .58
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Table 12d. Comparison of Observed and Calculated

Line Positions of HF, Av = 4 Sequence®
(Continued)
b b
J P(J) A (obs, -calc,) R(J) A(obs, -calc,)

5 -1 band { v, = 14169, 64 cm'l) obs,
( y, =14169.55 cm™ ) cale.

0 14203,36 + 06
1 14130, 06 .08 14231, 26 . 07
2 14084, 72 .07 14253, 26 .08
3 14033. 68 .07 14269.32 .09
4 13977. 01 N 14279, 40 .08
5 13914, 70 .08 14283,50 .09
6 13846. 92 .12 14281.58 .09
7 13773. 62 .09 14273, 62 .08
8 13694, 98 .10 14259. 63 .08
9 13611, 01 .08 14239.58 .07
10 13521, 83 .07 14213, 48 . 06
11 13427,52 . 07 14181, 38 .09
12 13328, 13 . 05 14143,22 .10
13 13223, 84 .08 14099. 06 .15
14 13114,61 .05 14048. 89 .19
15 13000, 68 .10
16 12882, 08 .16 13930, 63 .31
17 12758. 88 .21 13862, 61 .42
18 12631, 18 + 25 13788. 69 .53
19 12499, 07 .27 13708, 88 .64
20 12362,75 .38 13623, 26 .78
21 12222, 22 .47 13531, 86 .96
22 12077, 60 .57
23 13331,91 1. 44
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Table 12d. Comparison of Observed and Calculated

Line Positions of HF, Av = 4 Sequence

(Continued)

a

3 P P alobs, -calc. ) R(7) ® A (obs, ~calc. )
6~2 band ( v, =13523,02 cm™) obs.
( ¥, =13522.93 cm™) calc.

0 13555, 38 .09
1 13484, 93 .06 13582, 02 .10
2 13441, 29 .13 13602. 88 .12
3 13391, 95 .10 13617, 94 .15
4 13337.09 .08 1362712 .14
5 13276.78 .10 13630, 41 .12
6 13211, 04 13 13627. 84 .13
7 13139. % .10 13619.36 .15
8 13063, 60 .11 13604, 94 .15
9 12982, 04 .12 13534, 61 17
10 12895.36 13 13558, 34 .20
11 12803. 66 .18 13526, 14 .23
12 12706. 96 .19 13488, 02 .28
13 12605, 40 .22 13444, 00 .36
14 12499, 06 .28 13394, 00 .38
15 12388, 00 .32 13338, 14 .44
16 12272, 30 .35

17 12152, 09 .40 13208, 86 .65
18 12027, 45 .46 13135, 42 .73
19 11898, 47 .54 13056. 29 .93
20 11765, 24 .63 12971.30 1.03
21 12880, 63 127

-113-
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Table 12d. Comparison of Observed and Calculated
Line Poaitions of HF, Av = 4 Sequence?®
(Continued)
3 P() ® A(obs, -calc. ) R(7) ° A(obs, -calc, )
7-3 band (v, = 12889,53 cm™}) obs.
{v,-12880 44 -:m-l} cale,

0 12920, 48 .02
1 12945. 89 .08
2 12810, 81 .09 12965, 60 .11
3 12763, 20 .12 12979.56 .10
4 12710, 11 .12 12987.79 .11
5 12651, 64 12 12990, 26 .14
6 12587, 85 .13 12986. 95 .18
7 12518, 84 .18 12977.82 .21
8 12444, 61 . 20 12962, 85 .24
9 12365. 22 .19 12942, 05 .28
10 12280, 85 . 25 12915,39 .31
11 12191, 48 .29 12882, 91 .37
12 12097, 21 .33 12844, 60 . 46
13 11998, 15 .40 12800, 40 .51
14 11894,32 .45 12750, 37 «57
15 11785, 81 .49 12694, 48 .61
16 11672, 69 + 45 12632,79 . 68
17 12565,32 .78
18 12492, 05 77
19 12413,02 .97
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Table 12d. Comparison of Observed and Calculated
- Line Positions of HF, Av = 4 Sequence?®
(Continued)
3 P() ° A(obs. ~calc. ) R()® A(obe. ~calc, )
8--4band (v, =12266.46 em™}) obs,
(U = 12266.36 cm™ 1) calc.
1 12320, 17 .08
2 12190, 67 .09
3 12144, 63 11 12351,55 .14
4 12093, 24 . 14 12358,73 .14
5 12036.52 .16 12360, 25 .17
6 11974,56 .18 12356, 05 .21
7 11907.37 .19
v 8 11835,12 .26 12330, 39 .25
9 11757, 72 .25 12308, 89 .26
10 11675.37 .28 12281,72 .38
- 11 11588, 07 .29 12248, 67 .41
12 12209, 85 . 46
13 12165,18 .46
14 12114,74 .48
15 12058, 45 .45
16 11996,37 .4l
9 -5 band ( v, =11650,72 cm"}) obs.
(v, =11650,58 cm'l) calc.
3 11731, 11 .54
4 11737.53 . 90
6 11734,03 2.23
7 11724, 06 3,30
8 11708, 61 4,39
9 11687.75 5,90

ap,E. Mann et al,, J, Chem, Phys, 34, 420 (1961),

by units of cm™ ",




Table 12e. Comparison of Observed and Calculated
Line Position of HF, Av = 5 Sequencea

3 P) ® A (obs, -calc. ) R(1)® A(obs. ~calc. )
? 50 band (¥,=18131,10 cm™!) obe.
i (1,=18131.13 em™}) calc,
1 18191, 17 -, 06
2
3
4 17923, 09 .04 18225,37 -.09
5 17853, 10 .04
6 17776, 05 .04
7 17692, 02 .02 18192, 02 -.01
8 17601, 10 .00 18165, 72 - 04 )
9 17503, 37 -.03 18131, 90 - 07
10 18090, 75
1
12 17170, 41 -.03
13 17046, 51 .00 17921.89 .23
14 16916, 31 -.03

S D

P

A
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Table 12e. Comparison of Observed and Calculated
Line Position of HF, Av = 5 Sequence®
(Continued)
J 2)° A(obs, ~calc, ) R ° A(obs. ~calc. )
6~ 1band (Vy=17212,42 cm” ) obs.
Wo=17312.34 cm™}) cale.

1 17370, 01 .19
2 172. .07 17387.82 .16
3 17172, 22 17398,35 A7
4 17111, 40 17401,51 .15
5 17043, 64 17397.36 .19
6 16968, 88 17385,77 .16
7 16887,32 17366. 83 .18
8 17340, 49 .19
9 16704, 21 17306, 76 .21
10 16602, 62 17265.54 .12
11 16494, 64

12 16380, 29 17161, 24 .20
13 16259, 62 17098, 15 .31
14 16132, 70 17027, 64 .32
15 15999, 82 16949, 94 .42
16 15860, 91 16865, 09 .61
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Table {2e. Comparison of Obsgerved and Calculated
Line Position of HF, Av = 5 Sequence?

| (Continued) ,
f b b
J P() A(obs. -calc.) R(J) A(obs, -calc,)
!
! 7+2 Band (p,=16511,60 cm™’) obs,
§ (v°=l6511.46 cm-l) calc,
£
¢§ 2 16428, 46 .14 15583, 25 .16
g 3 16376. 39 11 16592. 80 .24
N 4 16317, 46 .13 16595. 22 .20
3 5 16251.72 .18 16590, 32 .17
3 6 16179. 14 .16 16578, 23 .20
3 7 16099, 87 .16 16558, 87 .21
5 8 16014, 04 .22 16532, 23 .21
1 9 15921, 59 .22 16498.39 .28 -
p 10 15822, 70 .25 16457, 23 .29
4 11 15717, 42 .26 16408, 84 .34
E 12 15605, 96 .39 16353, 23 .40
3 13 15488, 17 . 40 16290, 40 .48
3 14 15364, 28 .41 16220, 29 .49
15 15234, 48 .52 16143, 16 .67
16 15098. 61 .48 16058, 77 .75
{ 17 14957. 10 .61 15967, 21 .74
; 18 14809, 71 .59 15868, 55 .81
A
1.
!
%
5




% Table 12e. Comparison of Observed and Calculated
kE Line Position of HF, Av = 5 Sequence®
4 (Continued)
g 3 PN ° A(obs. -zalc. ) R Alobs. -calc.)
q
b
‘? ’ 8 =3 band (y = 15725.33 cm™!) obs,
11 (v, = 15725.19 em™}) cale.
x%i
fgg 0 15754.93 .10
b 1 15688, 82 L22 15777.58 .10
‘g 2 15645, 29 .19 15793, 21 12
1 3 15594, 94 .20 15801, 80 16
3 4 15537,82 .23 15803, 27 .18
4 5 15473, 89 .19 15797, 62 .20
i% 6 15403, 30 17 15784, 85 .24
3 7 15326, 16 .20 15764, 90 .25
b 8 15242, 59 .35 15737, 84 .32
) 9 15152, 34 .27 15703, 54 .31
3 10 15055, 81 .30 15662, 16 .40
3 11 14953, 06 .41 15613, 61 .48
73 12 15557, 84 .50
E 13 15494, 90 .50
: 14 14607.48 .41 15424, 76 .44
15 14480, 28 .44 15347, 63 ,51
16 15263, 33 .51
: 17 15171,85 L4l
) § 1y 15073, 27 .26
L 20 14855, 06 -.03
P 21 14735, 37 -. 29
;
o
|
%
¥
ok
b :




Table 12e.

Comparison of Observed and Calculated
Line Position of HF, Av = 5 Sequence®
(Continued)

Py P

A(obs, -calc,)

R(J) b

10
11
14

15

14872, 74
14823.98

14637,75
14562,43

14480, 73

"

9~4band (v

1]

14949, 94 cm”! obs.
14949, 89 cm” 1) calec.

14978, 30
14999.62
15014.13
15021, 60
15021,99
15015, 36
15001, 78

14981, 05

14918, 28
14876, 12
14826, 94
14636,67

14558, G4

PR

| rtrerr vt . .
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AL

bin units of em™’,

1

ap, E, Mann et _al,, J. Chem. Phys, 34, 420 (1961),

A(obs, -calc,)
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. Table 13a. Comparison of Observed and Calculated
Line Posit‘aons of HF, Av = 1 Sequence,
1~ 0 Band

>

3 P()° A(obs.-calc) R(I)° A(obs-calc)
0 4000, 99 -. 16
1 3920, 29 -.18 4038,97 -.16
2 2877, 70 -.16 4075. 30 -.15
3 3833,65 -. 16 4109,95 -.13
4 3788, 23 - 14 4142, 83 -. 16
5 3741,48 .12 4173,98 -.13
6 3693, 41 - 13 4203,30 - 12
7 3644, 16 -.10 4230, 75 - 12
8 3593, 71 -.10 4256, 32 -.10
9 4279.96 -.09
10 3489, 56 -.08 4301, 64 -, 07
11 3435, 95 -.09 4321,33 -. 05
- 12 3381, 42 -.08 4339,00 -.03
13 3326, 02 -. 06 4354,59 -. 04
. 14 3269, 78 -.05 436814 -.03
15 3212, 78 -.05

1 2p, U, Webb and K, Narahari Rao, J, Molecular Spectroscopy, 28, 121 (1968),

bIn units of cm-l.
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Table 13b. Comparison of Observed and Calculated
Line Positions of HF, Av = 2 Sequence,
2 - 0 Band?
P(1)° A(obs, -calc. ) R(I)® A(obs, -calc, )
7788.87 -, 19
7709. 70 -.18 7823,83 - 19
7665, 60 - 17 7855, 65 -.19
7618, 52 -.19 7884, 29 -.18
7909, 72 -.15
7517, 81 - 17 7931, 85 -.16
7466, 27 -.15 7950, 72 - 14
7402, 02 - 14 7966, 23 -.14
7978, 25 -.29
7277. 64 -.12

3D, U, Webb and K. Narahari Rao, J, Molecular Spectroscopy, 28, 121 (1968),

PIn umits of cm-l,
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Table 14. Comparison of Observed and Calculated

Line Positions of HF, Av = 1 Sequence?

1 — 0 bana 2-+1 band 3 -2 band
J P(J)b A(obs, -calc,) F’(J)b Aobs, ~calce,) P(J)b A(obs, -calce,)
2 3708, 86 +,04 3544, 5] +,05
b 3 3666, 38 -, 02 3503, 80 +.20
4 3622, 71 +,09 3461,54 +.11
5 3577.47 -, 07 3418, 16 bo17
g 6 3693, 50 -. 04 3531, 31 +.10 3373.46 +.12
i 7 3644, 16 .10 3483.63 -.06 3327,73 +,22
i 8 3593, 80 -.01 3435,17 +.13 3280, 64 +,06
; . 9 3542, 20 -. 05 3385, 34 +,04
; 10 3489, 59 -, 05 3334, 55 .02
: 1 3436, 12 +.08 3282, 86 +,06
f 12 3381, 50 +.00 3230.18 +,03
E 13 3326, 21 +.13 3176.60 +,03
14 3269,60 +,07 3122, 14 .18
15 3212, 80 -.03 3067, 22, -, 04

2T, F. Deutsch, Appl. Phys., Letters 10, 234 (1967),

bln units of cm” .




Table 15. Comparison of Observed and Calculated
Line Positions of DF, Av = { Sequence®

10 band 21 band 3—+2 band 4-3 band

3 P)®  Afoba<alc.)| PU)®  Afobs. -cale] P(3)° Afobe-cale) PN A(obe-calc.)
3 2750. 05 -.14 |2662,17  -.13
4 2727.38 -.02 |2640.04  -.09
5 2703.98 -1 |e617.41  -.02 | 2532.50 +.00
6 2680, 28 +,02  |2594,23  -,01 |2509.86 -.06
7 2655, 97 +.03  |2570.51  -,05 |2486.83 -,04
8 2631,09 .05 |2546.37  -.04
9 2605. 87 +,00 |2521.81 .00
10 2580. 16 +.00  |2496.61  -,15
11 2553,97 -.04  [2471.34 4,06
12 2611,10 -.10 2527, 47 +.03  |2445,29  -.11
13 2500, 32 .15
14 2392,46  +,01
15 25217, 06 +.07
16 2498, 02 - 15 2417,27

37T, F. Deutsch, Appl, Phys, Letters, 10, 234 (1967).

bIn units of cm-l.
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Table 16. Comparison of Observed and Calculated

Line Positions of DF, Av = { Sequence®

2~1 band

P(I)°

A(obs, -calc,)

3—2 band

P())®  A(obs, -calc,)

-4 1— 0 band
iR b
5 J P(J) A(obs, ~calc,)
3 1
:;I

2
3 \
3 4
4 5

5 6 27617.94 -0,17

.1

E - 7 2743,03 -0.10

8 2717.54 -.012

9 2691,43 -.029

10 2665, 25 -0,07

n 2638, 38 -0.09

12 2611, 10 -0.10

. 13 2583, 45 +0,07

14 2555, 45 +0,01
15

2750, 05
2727, 40
2703.95
2680, 25
2655,97
2631,09
2605, 36
2580,18
2553,95

-. 14
+.00

+.02

-, 06

2594, 24 +.00

2570,50 -.06
2546, 34 -.07
2521,81 +.00
2496, 21 +.00
2471,33 -.05

b
In units of cm

-1.

1298

a
D. J. Spenser, G. C. Denaalt, and H. H. Takimoto, Atmospheric Gas

Absorption DF Laser Wavelengths, TR 0074(4240-10)-7, The Aerospace
Corporation (January 1974),
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THE IVAN A. GETTING LABORATORIES

The Laboratory Operations of The Aerospace Corporation is conducting
experimental and theoretical investigations nacessary for the evaluation and
application of scientific advances to new military concepts and systems. Ver.
satility and flexibility have been developed to a high degree by the laboratory
personnel in dealing with the many problems encountered in the nation's rapidly
developing space and minsile systems. Expertise in the latest scientific devel-
opmants is vital to the saccomplishment of tasks related to these problems., The
laboratories that contribute to this research are:

Aerophysics Laboratory: Launch and reentry aerodynamics, heat trans-
fer, reentry physics, chemical kinetics, structural mechanics, flight dynamics,
atmospheric pollution, and high-power gas lasers.

Chemistry and Physics Laboratory: Atmospheric reactions and atmos-
pheric optice, cho'rﬂ!cs-! Teactions in poﬁuud atmospheres, chemical reactions
of sxcited species in rocket plumes, chemicai thermodynamics, plasma and
laser-induced reactions, laser chemistry, propulsion chemistry, space vacuum
and radiation effects on materials, lubrication and surface phenomena, photo-

sensitive materials and sensors, high precision laser ranging, and the appli.
cation of physics and chemistry to problems of law enforcement and biomedicine.

Electronics Ressarch Laboratory: Electromagnetic theory, devices, and
propagation phenomena, including piasma electromagnetics; quantum electronics,
lasers, and electro-optics; communication sciences, applied electronics, semi-
conducting, superconducting, and crystal device physics, optical and acoustical
imaging; atmospheric pollution; millimeter wave and far-infrared technology.

Materials Sciences Laboratory: Development of new materiala; metal
matrix composites and new forms of carbon; test and evaluation of graphite
and ceramics in reentry; spacecraft materials and electronic components in
nuc’ “ar v eapons environment; application of fracture mechanics to stress cor-
rosion and fatigue-induced fractures in structural metals.

Space Sciences Laboutoq: Atmospheric and ionospheric physics, radia-
tion from the atmoaphere, density and composition of the atmosphere, aurorae
and airglow; magnetospheric physics, cosmic rays, generation and propagation
of plasma waves in the magnetosphere; solar physics, studies of solar magnetic
fields; space astronomy, x-ray astronomy; the effects of nuclear explosions,
magnetic storms, and solar activity on the earth's atmosphere, ionospherc, and
magnetosphere; the effects of optical, electromagnetic, and particulate radia-
tiona in space or. space systems,

THE AZROSPACE CORPORATION
El Segundo, California




